INTRODUCTION
The marine planktonic genus Chaetoceros Ehrenberg (1844) is an important marine primary producer in nearshore upwelling regions (e.g. Rines & Hargraves 1988; Jensen & Moestrup 1998) and is one of the most species-rich diatom genera, with more than 200 extant species (VanLandingham 1968; Hasle & Syvertsen 1996) . In recent years, the ecology, physiology and systematics of Chaetoceros have become clearer (e.g. Kuwata & Takahashi 1990; Odate & Maita 1990 ; Table 2 . Occurrence of Truncatulus species at DSDP Site 338. Numbers indicate individuals encountered during 100 counts of resting spore valves; ϩ indicates epivalves encountered after the count; blank indicates absence of any taxa. Diatom zones and NPD codes in the Miocene are after Yanagisawa & Akiba (1998) , and diatom zones in the Oligocene and Eocene after Schrader & Fenner (1976). in extant marine primary production, it is essential to study fossil resting spores in order to clarify the evolution of this genus and to understand past environmental changes in upwelling regions.
A variety of fossil resting spore species have been described and reported under various morphogenus names, such as Dicladia Ehrenberg (1844), Xanthiopyxis Ehrenberg (1844), Periptera Ehrenberg (1854) and Liradiscus Greville (1865) (e.g. see Bailey 1856; Grunow 1863 ; Pantocsek 1903; Hanna & Grant 1926; Gersonde 1980; Lee 1993; Suto 2003a Suto , b, 2004a . These morphogenera may represent taxa of the genus Chaetoceros, but taxonomic and biostratigraphic studies on resting spores have been very limited (but see Gersonde 1980; Akiba 1986; Lee 1993; Suto 2003a Suto , b, 2004a Suto -e, 2005a and, even where spores have been studied in detail, assignment to Chaetoceros often remains problematic because vegetative cells are rarely preserved in association with the resting spores. The current study has been undertaken to build a firmer taxonomic basis of the resting spores themselves and to clarify their evolutionary history (Suto 2003a (Suto , b, 2004a (Suto -e, 2005a as a basis for a better understanding of the genus Chaetoceros. This requires treatment of resting spore taxa from all areas of the world ocean. I describe the taxonomy and biostratigraphy of a new fossil diatom resting spore morphogenus, Truncatulus I. Suto gen. nov.
MATERIAL AND METHODS

Samples and microscopy
In this study, samples from Deep Sea Drilling Project (DSDP) Sites 338 and 436, Holes 438A and 438B, and from the Capistrano and Monterey Formations in Newport Beach, California ( Fig. 1) , were prepared after Koizumi & Tanimura (1985) and Akiba (1986) for LM observation and after Akiba & Yanagisawa (1986) for SEM. All samples investigated in this study contain well-preserved and abundant diatom and resting spore assemblages (Table 1) .
Either 100 or 200 resting spore epi-and hypovalves were counted in each sample at ϫ960 magnification using light microscopy (LM). After counting, the whole of each slide was scanned to record the presence of other species missed in the original tally (giving the 'ϩ' category in Tables 2-5 ). More than 100 and usually almost 1000 resting spore and vegetative cell valves were observed for samples containing sufficient diatom remains. Photography, illustration and identification of resting spores and vegetative cells were done at ϫ1600 magnification using an Olympus BM40 light microscope and Olympus DP-12 digital camera. Measurements were made from photographs of the taxa. Scanning electron microscope (SEM) examination was carried out using a JEOL JSM-5800 LV instrument at the Geological Survey of Japan, Tsukuba, Japan.
Terminology
The various forms of the genus Truncatulus are probably resting spores of vegetative cells of Chaetoceros because all resting spores of Truncatulus and extant and fossil Chaetoceros possess a ring of puncta on their hypovalve mantles (Suto 2003a (Suto , b, 2004a (Suto -e, 2005a , but the correspondence between vegetative cells and resting spores can seldom be determined in fossil material because the vegetative cells have usually dissolved. Therefore, it is best to use morphogenera for fossil Anonymous (1975) and Ross et al. (1979) . EPIVALVE: The first formed valve of a resting spore. It differs morphologically from the hypovalve because the resting spore frustule is heterovalvate (Fig. 3d) . HYPOVALVE: The second valve formed by a resting spore (Fig. 3e) . In Chaetoceros spores observed by Hargraves (1979) , hypovalves possess a submarginal flange, which fits into the epivalve. The hypovalves also possess a single ring of puncta at the base of mantle; this is a characteristic feature that distinguishes hypovalves from epivalves (Suto 2003a). HETEROVALVATE: The two valves of a frustule are dissimilar. ISOVALVATE: The two valves of a frustule are similar. MANTLE: The marginal part of the valve differentiated by its slope being perpendicular to the valve face (Fig. 7f ). RING OF PUNCTA: A single row of knobs at the base of the hypovalve mantle. The ring can be observed when the frustule is observed in LM, but often not when using SEM, because they are covered by the overlapping epivalve mantle (Fig. 7g ). FLAT PLATE: A circular, elliptical or polygonal plate with a distinct convex margin occupying the truncated elevation of the epivalve or hypovalve (Figs 3h, 4i, 6j) . MARGINAL AREA: A nearly flat area around the periphery of the valve face, near its junction with the valve mantle (Fig. 3k) . SHEATH: A hyaline, sleeve-like siliceous membrane attached to the resting spore mantle (Fig. 3o) . SPINE: A closed or solid structure of variable size projecting from the valve surface (Fig. 7m ). TRUNCATED ELEVATION: An elevation at the centre of the valve whose apex appears to have been sliced off, occupied by the flat plate (Fig. 5p) . VEIN: A narrow silica ridge on the valve face on the sides of the elevation or on the marginal area. Two types of vein are found: sinuous veins running around the valve at the valve face-mantle junction (Fig. 8n) , and radial veins, which are straight and Ϯ parallel to each other, radiating outwards on the valve face (Fig. 3l) .
RESULTS
Stratigraphy
Counts and stratigraphic occurrence of each Truncatulus species are shown in Tables 2-6 and Figs 9-11. All species were moderately well preserved in the material studied. The stratigraphic range of each taxon is described according to the NPD (Neogene North Pacific Diatom Zone) codes of Akiba (1986) and Yanagisawa & Akiba (1998) STRATIGRAPHIC OCCURRENCE: T. simplex occurs from the early middle Miocene Zone NPD 4A through the middle part of the late middle Miocene Zone NPD 5B in the Newport Beach Section (Fig. 11) .
Truncatulus contains seven species: T. simplex, T. atlanticus, T. ellipticus, T. norvegicus, T. californicus, T. hajosiae
REMARKS: The epivalve of this species may be more delicate and hence may dissolve more easily than the hypovalve. In the Newport Beach Section, the abundance of the epivalve was much lower than that of the hypovalve (Fig. 11) , which may reflect differences in preservation. At DSDP Site 338, epivalves of T. simplex were not observed, but rare occurrence of unidentified circle-type hypovalves from the upper Oligocene to uppermost lower Miocene may indicate the presence of this species because other species possessing circle type hypovalves were not recognized in deposits of this age.
Truncatulus simplex is very similar to T. atlanticus in possessing circular flat plates on both valves, but it is distinguished by the hyaline marginal area of the epivalve. It is distinguished from T. ellipticus by having a circular, rather than elliptical, plate.
Truncatulus atlanticus I. Suto, sp. nov. (Figs 3, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Frustule heterovalvate, apical axis 8-18.2 m, transapical axis 4.5-6.8 m, pervalvar axis 2.5-2.7 m. Epivalve elliptical to lanceolate; hyaline in girdle view, vaulted with a truncated elevation in the centre and a flat plate; flat plate circular, slightly concave, parallel to the epivalve face, with distinct convex margin, almost the same height as the plate on the hypovalve; marginal area hyaline, (Figs 12, 13) , Newport Beach Section, NE6 (Figs 14, 15, 18, 19) , and Newport Beach Section, NE2 (Figs 16, 17) (Fig. 10 ), but there are rare and sporadic occurrences in the lower to middle Miocene.
REMARKS: This species differs from other species of this genus by its elliptical flat plate.
Truncatulus norvegicus I. Suto, sp. nov.
(Figs 5, 80-93)
Epivalve outline oval to elliptic, apical axis 5.7-10.9 m, transapical axis 4.5-6.8 m, pervalvar axis of epivalve 4.1-5.9 m; hyaline in girdle view, vaulted, with a truncated elevation in the centre and a flat plate; flat plate small, polygonal (but isodiametric), slightly concave, parallel to the epivalve face, with a distinct convex margin; marginal area hyaline, with nearly straight marginal veins connected to the convex margin of the flat plate; mantle distinct and hyaline. Frustule not observed, hypovalve unknown. (Fig. 140) . Sources of material are DSDP Site 438-44-3, 10-14 cm (Figs 108, 109, 112, 113, 132, 133, 140) , [60] [61] [62] [63] [64] 111, 118, 119) , [18] [19] [20] [21] [22] 122, 123) , [70] [71] [72] [73] [74] 121, 130, 131) , [48] [49] [50] 125, 134, 135) (Fig. 10) .
REMARKS: This species is differentiated from T. californicus by its small plate and by all short marginal veins connecting with the plate margin; T. atlanticus differs from T. norvegicus in having much shorter marginal veins and a circular plate. STRATIGRAPHIC OCCURRENCE: This species occurs in the short interval from near the bottom to upper part of the upper middle Miocene Zone NPD 5B in the Newport Beach Section (Fig. 11) .
Truncatulus californicus
Figs 141-148. Circle-type hypovalve. LM (Figs 141-146), SEM (Figs 147, 148) . Sources of material are DSDP Site 338-8-1, 140-141 cm (Figs  141, 142) , Newport Beach Section, NEW48 (Figs 143, 144) , Newport Beach Section, NE16 (Figs 145, 146) , and DSDP Site 338-11-4, 148-149 cm (Figs 147, 148) . Scale bars ϭ 5 m.
Figs 141-148. Hypovalves, valve view.
SIMILAR TAXA: This species is separated from all others by the combination of a wide polygonal plate and marginal veins that do not all reach from mantle to plate rim.
Truncatulus hajosiae I. Suto, sp. nov.
(Figs 7, 102-107)
Frustule heterovalvate, apical axis 5.7-17.2 m, transapical axis 5-5.5 m, pervalvar axis 2-3 m. Epivalve elliptical to lanceolate; hyaline in girdle view, slightly vaulted, with short, straight veins and marginal short spines; mantle distinct and hyaline; sheath absent. Hypovalve elliptical to lanceolate; hyaline in girdle view, vaulted, with a truncated elevation in the centre and a flat plate; flat plate circular, slightly concave, parallel to the hypovalve face, with a distinct convex margin; marginal area hyaline, with irregular wrinkles; mantle distinct and hyaline, with a single ring of puncta at its base; sheath of hypovalve hyaline, with irregular wrinkles. STRATIGRAPHIC OCCURRENCE: At DSDP Site 338, the first occurrence of this species is recognized in the uppermost part of the late early Miocene Zone NPD 2A (Fig. 10) . This species occurs abundantly and continuously up to the top of the samples of this Site, and therefore the last occurrence of this species is indeterminable.
ETYMOLOGY: This species is named in honour of the late Dr Marta Hajós, because she first described T. tortonicus (as Chasea tortonica) (Hajós 1968).
REMARKS: Truncatulus hajosiae is characterized by lacking a flat plate and sheath on the epivalve, and possessing short spines and very short, straight marginal veins. It is similar to T. tortonicus, but differs in the form of the veins and presence of spines.
Truncatulus tortonicus (Hajós) I. Suto, comb. nov. (Figs 8, BASIONYM: Chasea tortonica Hajós (1968), p. 117, pl. 28, Figs 18, 19; Hajós (1986) , pl. 49, Figs 6-8.
Frustule heterovalvate, apical axis 9-24 m, transapical axis 3-13 m, pervalvar axis 3.5-6.5 m. In valve view, valve outline narrowly elliptical or lanceolate. Epivalve, in girdle view, hyaline, vaulted, surrounded by wave-like veins on the inner part of epivalve face; centre hyaline with weak wrinkles; wave-like veins distinctly convex and interrupted in part; mantle distinct and hyaline. Hypovalve elliptical to lanceolate in valve view; in girdle view, hyaline, vaulted with a truncated elevation in the centre with a flat plate; flat plate circular, slightly concave, parallel to the hypovalve face, with a distinct convex margin; marginal area hyaline, with irregular wrinkles; mantle distinct and hyaline with a single ring of puncta at its base; sheath of hypovalve hyaline, with irregular wrinkles.
TYPE LOCALITY: The Miocene diatomite at Szurdokpüspöki, Hungary (Hajós 1968).
STRATIGRAPHIC OCCURRENCE: At DSDP Site 338, this species occurs from the early middle Miocene Zone NPD 4B (Fig. 10) . This species occurs commonly or rarely from the middle Miocene Zone NPD 4B to the upper late Pliocene Zone NPD 9 at DSDP Site 438. At DSDP Site 436, this species also disappears in the Zone NPD 9 (Fig. 11) . In the Newport Beach Section, this species is abundant and continuously present from Zone NPD 4B to the middle late Miocene Zone NPD 7A.
REMARKS: Hajós (1968) described the hypovalve and frustule of this species as Chasea tortonica, but the genus Chasea erected by Hanna (1934) does not belong among the morphogenera related to the genus Chaetoceros, because it lacks the ring of puncta on the hypovalve characteristic of the resting spores of Chaetoceros. Hajós's species should therefore be transferred to Truncatulus. It is characterized by the nonradial, sinuous veins that run around the periphery of the epivalve. In other respects the epivalve resembles that of T. hajosiae. The hypovalve is similar to those of T. simplex, T. atlanticus and T. hajosiae.
Circle-type hypovalves (Figs 141-148)
The hypovalves of T. simplex, T. atlanticus, T. hajosiae and T. tortonicus are very similar. All have a somewhat lanceolate outline and truncate elevations with a circular flat plate. The mantle and sheath are also similar throughout (Figs 2, 3, 7, 8) . Hence, if isolated hypovalves are found, rather than complete frustules, it is impossible to determine to which species these hypovalves belong. Some valves were therefore scored as 'circle-type hypovalves' during counts. The increasing number of this type of hypovalve in Zone NPD 4A is due to increasing abundance of T. atlanticus, T. hajosiae and T. tortonicus. On the other hand, the rare and sporadic occurrences of this type of hypovalve from the upper Oligocene to the lower middle Miocene may indicate the occurrences of T. simplex only (Fig. 9) .
DISCUSSION
Similar genus
Truncatulus is characterized by the circular, elliptical or polygonal flat plate on the truncated elevation of oval to elliptical epivalves and/or hypovalves. It is similar to the fossil resting spore genera Liradiscus (Greville 1865) Truncatulus is also similar to another fossil resting spore genus, Chasea Hanna (1934), in valve shape and in possession of a central truncated or elevated structure. Chasea was erected by Hanna (1934) as the generitype C. bicornis, and then C. tortonica Hajós (1968) , C. magna Hajós (1968) and C. ornata Hajós & Stradner (1975) , C. proshkinae-lavrenkoae Harwood (1988) were added. Chasea bicornis and C. proshkinae-lavrenkoae have been reported as the frustules of resting spores with their vegetative cells attached by Hanna (1934) and Harwood (1988) . These resting spores possess no ring of puncta on the hypovalve mantle. Moreover, the vegetative cells possess two conical projections and are not similar to Chaetoceros which possess several setae. Harwood (1988) suggested that species of Chasea are probably resting spores of Hemiaulus and Cerataulina. Chasea ornata and C. magna, on the other hand, may be hypovalves of some species of resting spore of Chaetoceros because here there is a ring of puncta on the valve mantle, but the species are not identifiable because the valve structure is simple. Chasea tortonica is transferred to Truncatulus in this paper, as a morphospecies of fossil resting spore of Chaetoceros, because it possesses a ring of puncta which extant Chaetoceros spores also have but Chasea spores do not.
Stratigraphic utility
Truncatulus appeared in the early Oligocene and became extinct in the late Pliocene (Fig. 9) . The oldest species, T. ellipticus, arose in the early Oligocene in the stratigraphic record of the Norwegian Sea (Fig. 10) . Truncatulus simplex appeared in the late Oligocene, and continued until the middle Miocene, though it was never abundant. Truncatulus norvegicus arose near the Oligocene-Miocene boundary and was abundant up to the late early Miocene in the Norwegian Sea. In the late early and middle Miocene, T. atlanticus, T. hajosiae and T. tortonicus appeared in the Norwegian Sea, but the last occurrences cannot yet be determined because of a lack of samples of younger age at DSDP Site 338. Truncatulus norvegicus, T. ellipticus, T. atlanticus and T. hajosiae might be endemic species in the Norwegian Sea, and the first and last occurrences of T. norvegicus and the first ones of the latter three species might be potentially useful for North Atlantic diatom biostratigraphy, although few distribution data are available at present.
Truncatulus californicus is apparently endemic in the northeastern Pacific and restricted to a relatively short interval in the Denticulopsis praedimorpha Zone (NPD 5B). It is therefore an excellent stratigraphic marker for this horizon (Fig.  5) . The last species, T. tortonicus, seems to have become extinct in the late Pliocene, judging by sequences at DSDP Sites 438 and 436 in the northwestern Pacific (Figs 10, 11) .
The studies reported in this paper were restricted to deposits from late early Miocene to Pleistocene in the North Pacific and from early Eocene to early Miocene in the Norwegian Sea. Extension to other areas and times is desirable. Many fossil Chaetoceros resting spore species have been reported over wide areas of the ocean, but they are generally rare in open-ocean settings. The description of Truncatulus is part of continuing studies to classify fossil resting spores correctly in all upwelling regions and at different times. This will help establish how old genus Chaetoceros is, provide insights into its past productivity, and pin-point when and how circumstances changed to suit its evolution and diversification.
The relationships between extant Chaetoceros species and the seven fossil spore species described in this paper are unknown at present, partly because our knowledge of extant resting spores is weak. Many detailed studies of extant Chaetoceros vegetative cells have been published (e.g. Cupp 1943; Rines & Hargraves 1988; Hasle & Syvertsen 1996; Jensen & Moestrup 1998) and these papers also contain descriptions of resting spores. However, the descriptions are often incomplete, mainly because it is difficult to observe the valves in detail while they are still enclosed within the frustules of the vegetative cells in which they form. More detailed studies of extant and fossil resting spore morphology are therefore needed.
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